Strawberry fruits (Fragaria vesca) are valued for their sweet fruity flavor, juicy texture, and characteristic red color caused by anthocyanin pigments. To gain a deeper insight into the regulation of anthocyanin biosynthesis, we performed comparative metabolite profiling and transcriptome analyses of one red-fruited and two natural white-fruited strawberry varieties in two tissues and three ripening stages. Developing fruit of the three genotypes showed a distinctive pattern of polyphenol accumulation already in green receptacle and achenes. Global analysis of the transcriptomes revealed that the ripening process in the white-fruited varieties is already affected at an early developmental stage. Key polyphenol genes showed considerably lower transcript levels in the receptacle and achenes of both white genotypes, compared to the red genotype. The expression of the anthocyanidin glucosyltransferase gene and a glutathione S-transferase, putatively involved in the vacuolar transport of the anthocyanins, seemed to be critical for anthocyanin formation. A bHLH transcription factor is among the differentially expressed genes as well. Furthermore, genes associated with flavor formation and fruit softening appear to be coordinately regulated and seem to interact with the polyphenol biosynthesis pathway. This study provides new information about polyphenol biosynthesis regulators in strawberry, and reveals genes unknown to affect anthocyanin formation.
Strawberry (Fragaria × ananassa) is one of the world's most popular fruit crops with an annual production of more than 8.1 million tons in 2014 (http://faostat3.fao.org/browse/Q/QC/E). The strawberry is considered as "accessory fruit" because the fruit is not formed by the enlargement of the ovary but the edible, fruity pulp, also referred to as receptacle, is derived from adjacent tissue exterior to the carpel. The achenes (seeds) are distributed spirally across the epidermis of the pulp 1 . The development of the strawberry fruit is regarded independent of increased ethylene biosynthesis and respiration, which is why strawberries are considered non-climacteric fruits 2 , although recent studies suggest ethylene plays a role in strawberry fruit ripening 3 . The ripening process can be traced by observing the changes in fruit size and color. The stages are usually classified as green, white, turning, and red, and their development is accompanied by changing compositions of plant hormones and metabolites 4 . Strawberry fruits ripen quite fast within about 30 days. The plants are also small in size and easy to propagate. These qualities, together with an unusual fruit structure and color formation, have made the strawberry plant an advantageous model system to study fruit development. Woodland strawberry F. vesca has a small, sequenced genome (240 Mb), and is commonly used as a genetic model plant for the Rosaceae family and, in particular, the Fragaria genus.
Besides the appealing flavor, much of the attractiveness of strawberries is based on the bright red fruit-color caused by anthocyanin pigments 4, 5 . Pelargonidin 3-O-glucoside, its 6′ -O malonated derivative and cyanidin 3-O-glucoside are the major anthocyanins of strawberry fruit and are biosynthesized from phenylalanine by the phenylpropanoid-flavonoid-anthocyanin pathway, which has been thoroughly investigated by genetic, biochemical and metabolite profiling studies 6 . Anthocyanins are also associated with a large number of health-promoting effects. They possess anti-oxidative properties, have positive impacts on cardiovascular disorders and degenerative diseases, and are able to protect DNA integrity [7] [8] [9] . The basic biosynthetic pathway of anthocyanins is known, Scientific RepoRts | 7:45113 | DOI: 10.1038/srep45113
and most plant species share a large number of enzymatic reactions, although there are differences regarding the types of anthocyanins that accumulate [10] [11] [12] .
In contrast to the red-fruited F. vesca genotypes, there are also varieties that produce white fruits, even when they are fully ripened. This is not the result of continuous breeding or genetic modification, but a naturally occurring phenomenon. In the white-fruited varieties the pigment formation seems to be impaired by down-regulation of a single or multiple biosynthetic genes, or because an essential gene is non-functional. Key factors in the regulation of the flavonoid and anthocyanin pathway are MWB (MYB-bHLH-WD40) complex proteins 13 . In order to gain a deeper insight into the regulation of anthocyanin biosynthesis, we performed comparative metabolite profiling and transcriptome analysis of one red-fruited (F. vesca cv. Reine des Vallees (RdV)), and two white-fruited (F. vesca cv. Yellow Wonder (YW) and Hawaii 4 (HW4)) woodland strawberry varieties ( Fig. 1 ) by liquid-chromatography coupled with mass spectrometry analysis (LC-MS), and RNA-sequencing (RNA-seq), respectively. To survey gene expression during fruit development we performed RNA-Seq on green, intermediate and ripe (white-ripe and red-ripe, respectively) fruits, and separated the achenes (seeds) from the receptacle (pulp). To determine the metabolic differences between the three genotypes, the level of anthocyanins and relevant precursors were analyzed by LC-MS, and the expression pattern of candidate genes was validated by qPCR.
Our analysis completes a recently published F. vesca transcriptome data set, which provides gene expression data of the fruit development stages from fertilized flower to big green fruit 14, 15 . Thus, the transcriptome of the complete strawberry fruit ripening process from flower to ripe fruit is now available, with our data covering green to ripe developmental stages (Supplementary data File S1). The analyses of the white-fruited genotypes show that the phenylpropanoid/flavonoid/anthocyanin metabolism and the gene transcript levels are already perturbed at early developmental stages in YW and HW4.
Results
Metabolite Analysis. Untargeted and targeted metabolite analyses of phenols, phenylpropanoids, flavonoids, proanthocyanidins, and anthocyanins were performed by LC-MS in receptacles and achenes of green, intermediate and ripe fruits of F. vesca RdV, YW and HW4 (Figs 2 and 3) . 271 untargeted metabolites showed variance between the three genotypes (p-value ≤ 0.01). Their analysis uncovered much lower variance in the data sets of the metabolites found in the achenes of RdV, YW, and HW4 than in the data of the receptacles (Fig. 2) . The receptacles of the three F. vesca varieties clustered according to their developmental stages. Thus, metabolites that confer the red color to ripe RdV fruits did not strongly contribute to the variance in the data. Overall, according to the untargeted analysis, the major metabolites were similar in the three genotypes at the identical ripening stage. However, the targeted metabolite analysis showed, in line with the color change of the receptacle and achenes of RdV (Fig. 1) , high levels of anthocyanins such as pelargonidin glucoside, pelargonidin glucoside malonate, and cyanidin glucoside in ripe receptacle and achenes of RdV, but not in fruits of YW and HW4 (Fig. 3) . Each developmental stage and fruit tissue is dominated by a certain group of phenolic compounds. For instance, phenols such as gallic acid, gallic acid glucose ester and ellagic acid were major metabolites in green achenes of RdV, whereas flavonoids were abundant in intermediate achenes of RdV, and anthocyanins and phenylpropanoids dominated in the late developmental stage. In most cases, the levels of secondary metabolites in achenes and receptacle of the white-fruited genotypes differed considerably from the concentrations determined in the respective tissues of RdV. Although, gallic and ellagic acid accumulated in green achenes of YW to levels found in green achenes of RdV, the concentrations of flavonoids were significantly reduced. In contrast, in green receptacles of YW, the levels of flavonoids even exceeded the concentrations detected in the same tissue of RdV. Thus, the differential metabolite levels suggest that changes in secondary metabolism reflect organ and developmental specificities.
Global Analysis of the Fruit Transcriptome. Global mRNA sequencing of the receptacle and achenes of red-fruited F. vesca RdV variety, and both white-fruited F. vesca YW and HW4 varieties was performed to investigate the differential accumulation of transcripts. RNA was pooled from receptacles and achenes of ten fruits per sample to ensure high reliability regarding the stage of fruit ripening (Supplementary Table S1 ). Sequencing yielded 249,582,360 reads of 100 bp in length (Supplementary Table S2 ), giving ~25 billion nucleotides of total sequence data. After quality clipping, 245,603,827 reads were selected. The mapping of the selected reads to the F. vesca reference genome resulted in a total pool of 204,888,523 transcript counts (greater than 83% overall mapping rate, Supplementary Table S3 ). Subsequently, the read counts were normalized by DESeq2 size factors, and scaled to per million range (rpm: reads per million). Genes with fewer than 20 normalized counts summed across samples were considered as not expressed. Out of 33673 annotated F. vesca genes, 19208 were expressed above this threshold.
To investigate global gene expression relationships, we performed a principle component analysis (PCA), and visualized the correlations also by dendrograms of the achenes and receptacle data sets (Fig. 4) . When the 500 most highly expressed transcripts were employed for PCA analysis, the receptacles and achenes were clearly set apart (left and right), as well as the green and ripe developmental stages (top and bottom, Fig. 4A ). The receptacles and achenes of the intermediate ripening stage of YW and HW4 grouped with the green tissues, whereas the receptacle and achenes of intermediately ripened RdV clustered with the ripe tissues of all varieties. Thus, gene expression of the white genotypes at the intermediate stage is more closely related to green unripe tissue, and the intermediate stage of the red genotype RdV to the ripe tissues. This observation was also confirmed by hierarchical clustering of the achenes and receptacle data ( Fig. 4B and C) .
Analysis of differentially expressed genes between RdV and both white genotypes YW and HW4. To find candidate genes that might explain the loss-of-color phenotype in YW and HW4, differential expression between genotypes was assessed. Thirty-three genes were significantly down-regulated in white genotypes (YW, HW4) compared to the red genotype RdV ( On the contrary, 31 genes were significantly up-regulated in both white genotypes (Table 2 ). Many candidates currently lack a functional prediction but show remarkable differences between the genotypes. For example candidate gene20847 (logFC = 10.7), almost not expressed in any tissues of RdV exhibits very high expression (up to 1,785 RPM) in tissues of HW4, and lower but considerable expression in tissues of YW. Furthermore, gene27422 a predicted transcription factor ORG2-like of the bHLH class is exclusively expressed in the white genotypes.
Transcript level profiles of known anthocyanin and flavonoid pathway genes during strawberry fruit development. Next, we analyzed the transcript level profiles of anthocyanin and flavonoid pathway genes, whose encoded proteins have already been biochemically characterized. Gene expression levels in achenes and receptacle of RdV, YW, and HW4 of three developmental stages (green, intermediate and ripe) were compared (Fig. 5) . Four groups of genes could be clearly distinguished by means of their transcript profiles. Early anthocyanin and flavonoid pathway genes such as PAL, CA4H, 4CL, FLS, and a flavonoid glucosyltransferase (FGT) gene show high expression levels in green achenes of RdV, YW, and HW4 as well as in achenes of YW and HW4 of the intermediate ripening stage (Fig. 5, Supplementary Figures S1 and S2) . CHS, CHI, F3H, DFR, Expression levels of genes involved in fruit softening and flavor formation. Finally, we wanted to know whether the impaired anthocyanin pathway in YW and HW4 affects the expression of genes involved in fruit flavor formation, and fruit softening. Transcript levels of well-characterized genes associated with volatile terpene (pinene synthase and hydroxylase), ester (acyltransferases FcAAT1, and SAAT), furaneol (FaQR), and eugenol (eugenol synthase) formation, as well as genes affecting fruit softening (pectin esterase, pectate lyase, polygalacturonase and beta-galactosidase) were analyzed in the data sets of RdV, YW, and HW4 (Fig. 6 ). The genes showed a similar ripening-related expression profile in the receptacles of the three genotypes, peaking at the ripe stage. It seems that the ripening process is slowed down in the white-fruited genotypes in comparison to RdV, because transcripts of genes involved in fruit flavor production, and degradation of cell wall polysaccharides are already abundant in receptacle of RdV at the intermediate stage, whereas these genes are almost solely expressed in ripe receptacle of YW and HW4. Discussion Considerable information on the polyphenolic composition of commercial strawberry fruit (F. × ananassa) [16] [17] [18] and woodland strawberry F. vesca fruit [19] [20] [21] exist. However, data on the levels of phenolics in developing F. vesca fruits is missing, completely. The bright color of red-fruited strawberries is due to four major anthocyanins, pelargonidin 3-glucoside, pelargonidin 3-glucoside 6′ -malonate, pelargonidin 3-rutinoside and cyanidin 3-glucoside [22] [23] [24] [25] , which are formed by the phenylpropanoid/flavonoid/anthocyanin pathway during fruit ripening 6, 26, 27 . In white colored strawberries, these anthocyanins are reduced in the receptacle, and in some cases also in the achenes [28] [29] [30] . Similarly, only trace amounts of pelargonidin 3-glucoside, pelargonidin 3-glucoside 6′ -malonate, and cyanidin 3-glucoside were detected in the ripe receptacle and achenes of YW and HW4; in contrast to their high abundance in fruit of RdV (Fig. 3) . Untargeted analysis of secondary metabolites by PCA separated the achenes from the receptacles, whereas the receptacles were further subdivided according to their ripening stage (Fig. 2) . Ripe fruit of RdV, YW, and HW4 clustered in the PCA plot, but can be readily differentiated by the different pigmentation (Fig. 1 ). Thus, the anthocyanin level in RdV fruit is not the primary variance in the data.
Although, green achenes of RdV, YW, and HW4 accumulated comparable levels of gallic acid, gallic acid glucose ester, and ellagic acid, the immature seeds of the three genotypes can be clearly differentiated by their varying flavonoid concentration (Fig. 3) . Achenes of RdV exhibited a tri-phasic polyphenol accumulation profile. The levels of phenols, flavonoids, and anthocyanins/phenylpropanoids peaked in green, intermediate, and ripe seeds of the red-fruited genotype, respectively. During ripening of YW and HW4, flavonoids did not reach the concentrations found in RdV, except for kaempferol glucuronide in intermediate and ripe achenes of both white-fruited genotypes, and epicatechin catechin and epiafzelechin catechin dimers in ripe achenes of YW. In addition, the total amount of polyphenols is reduced in the white-fruited genotypes. Receptacles of RdV showed a bi-phasic formation of polyphenols, as flavonoid levels peak at the intermediate ripening stage, and anthocyanins, quercetin glucuronide, phenylpropanoids, and ellagic acid are abundant in the ripe pulp. In contrast, receptacles of YW contained high levels of ellagic acid and flavonoids with declining concentrations during ripening, except kaempferol glucoside. HW4 displayed a mixed pattern of polyphenol accumulation in the pulp, whereas the lowest levels were found at the ripe developmental stage. Overall, the divergent profiles of secondary metabolites suggest an interference of the pathway in the white-fruited genotypes YW and HW4 at an early developmental stage.
In addition to metabolite profiling, gene transcript abundance was quantified by RNA-seq analysis in achenes and receptacles of the red-and white fruited varieties during fruit ripening. Analysis of global gene expression by PCA separated the achenes from the receptacles, as well as green from ripe tissues (Fig. 4A) . Intermediate receptacle and achenes of YW and HW4 clustered with green fruit samples, and intermediate pulp and seeds of RdV with ripe fruit samples. This indicates that variance in gene expression is highest between samples of the intermediate ripening stage, and confirms the hypothesis that the ripening process in YW and HW4 is already affected at an early stage. In contrast, the untargeted analysis of the metabolites did not show equal variance, as the achene samples of all genotypes grouped together (Fig. 2) . On the other hand, ripe receptacle of RdV, YW and HW4 grouped together in the PCA of the transcripts (Fig. 4A) , similar to the PCA of secondary metabolites (Fig. 2) .
Analysis of differentially expressed genes revealed that expression of major genes in the anthocyanidin/flavonoid biosynthesis pathway was down-regulated in the white varieties ( Table 1 ). The expression of the branch point gene CHS (gene26826 polyketide synthase 1) was severely reduced. CHS expression is known to be associated with fruit coloring, because artificial down-regulation of CHS function via antisense and RNAi methods leads to pigment loss in flowers or fruits of different plant species [31] [32] [33] [34] [35] . Furthermore, five genes acting downstream of CHS were also clearly down-regulated ( Table 1 ). The protein encoded by CHI (gene21346 chalcone-flavonone isomerase 3) catalyzes the conversion of naringenin chalcone to the flavanone naringenin, thereby producing the basic skeleton of all flavonoid metabolites 10 . The protein encoded by FHT (gene14611 naringenin, 2-oxoglutarate 3-dioxygenase) oxidizes the central B ring of the flavanone naringenin to produce dihydrokaempferol 10 . The enzyme encoded by DFR (gene15176 bifunctional dihydroflavonol 4-reductase/flavanone 4-reductase) reduces dihydrokaempferol to colorless leucoanthocyanidins 36, 37 . The polypeptide encoded by ANS (gene32347 leucoanthocyanidin dioxygenase) generates colored anthocyanidins like pelargonidin 38 , and the protein encoded by FaGT1 (gene12591 anthocyanidin 3-O-glucosyltransferase 2) stabilizes the anthocyanidins by glucosylation 27 . The resulting anthocyanins accumulate, and are responsible for the coloring of fruits and flowers 39 . Thus, formation of anthocyanin precursors is considerably hampered in the white varieties. Among the significantly down-regulated candidates is also gene31672, a glutathione S-transferase (GST, Table 1 ) orthologous to GST Solyc02g081340 from tomato (Solanum lycopersicum). Transgenic tomato fruits exhibiting higher anthocyanin content showed increased expression of Solyc02g081340 40, 41 , whereas expression in the anthocyanin absent mutant was barely detectable 42 . It has been proposed that anthocyanins might be transported into vacuoles via the noncovalent activity of GSTs 43 . Several GST genes with such functions have been characterized in plants including the TT19 gene (encoding a type I GST) of Arabidopsis, Bronze-2 (encoding a type III GST) of maize, AN9 (encoding a type I GST) of petunia [44] [45] [46] and two GST genes from grape 47 . Therefore, gene31672 might act in anthocyanin transport.
In addition to genes down-regulated in the white genotypes, also candidates significantly up-regulated were found (Table 2) , such as a yet uncharacterized transcription factor (TF) of the bHLH class (gene27422 ORG2-like). It is widely acknowledged that TFs of the MYB and bHLH protein classes regulate the expression of anthocyanin biosynthesis genes 48, 49 . MYBs linked to the anthocyanin pathway possess a highly conserved DNA-binding domain, which usually comprises two repeats (R2R3) 49 , and are suggested to interact with bHLH TFs 48 . Both, activators and repressors are known 50, 51 . The bHLH proteins have not been extensively studied in plants. Those that have been characterized function in anthocyanin biosynthesis, phytochrome signaling, globulin expression, fruit dehiscence, and carpel and epidermal development 52, 53 . Consequently, gene27422 could encode a bHLH TF regulating pigment formation in strawberry fruit. Recently, MYB10 (encoded by gene31413) was . RNAi-mediated down-regulation of MYB10 resulted in significant reduction of anthocyanin concentration in ripe receptacle of red-fruited F. × ananassa, and F. vesca varieties, while over-expression resulted in dark red fruits 50, 54, 55 . Furthermore, recent transcriptomic and SNP variant analysis revealed a single amino acid change in the MYB10 protein of the white-fruited varieties YW and HW4 that could be responsible for the loss-of-colour phenotypes 56 . Our data showed that MYB10 transcripts were more abundant in ripe receptacles of the white-fruited varieties YW and HW4 than in red-fruited RdV (Supplemental Figure S3A) contradicting the observation that MYB10 is not differentially expressed in YW in comparison to the red-fruited F. vesca variety Ruegen 57 . Although MYB10 seems to be an important regulator of anthocyanin biosynthesis in receptacle, our data indicated that MYB10 might also have a significant role in ripe achenes due to the high transcript level. However, metabolic and transcriptional variations in fruit of natural white-fruited Fragaria vesca genotypes were already found at early developmental stages where MYB10 is almost not transcribed. Therefore, additional transcriptions factors might account for these differences. MYB1, a transcriptional repressor in regulating the biosynthesis of anthocyanins in strawberry 29, 51, 58 , was not among the differentially expressed genes (Supplemental File S1). This indicates that MYB1 might not be the anthocyanin biosynthesis repressor responsible for the loss-of-color phenotype in the white-fruited F. vesca genotypes.
Amongst the differentially expressed genes (Tables 1 and 2 ) are candidates featuring comparable RPM levels in both white genotypes, such as gene01839 and gene13191. In contrast, other candidates showed diverging levels, such as gene30676 and gene30960. This indicates that in addition to metabolic differences among the two white genotypes (Fig. 3) , also transcriptional differences can be found.
The general biosynthesis pathway of anthocyanins has been thoroughly investigated at both, the biochemical and the genetic level, in particular in A. thaliana and Vitis sp. 49, 59 . Also in the Fragaria genus the key flavonoid pathway genes have been cloned, and their encoded proteins functionally characterized 6 . Enzymatic analysis of . The high activity at the immature stage corresponds to the formation of flavanols, while the second peak is clearly related to anthocyanin and flavonol accumulation 60 . According to our data, a biphasic transcript expression pattern for the flavonoid pathway genes was not observed (Fig. 5) . Instead, genes could be grouped into classes according to their expression profiles in receptacle and achenes. Transcripts of key genes of the phenylpropanoid pathway (PAL, CA4H, and 4CL) were highly abundant in immature seeds of F. vesca, and their expression profile suggests a coordinated transcriptional regulation in receptacles and achenes during fruit ripening (Fig. 5) . At the gateway of primary metabolism PAL, CA4H, and 4CL play a pivotal role as they are producing the precursor molecules of all polyphenols, including lignin. High degree of coordination in the overall expression of these three genes has been shown in parsley leaves, and cell cultures treated with UV light or fungal elicitor 61 . The gene expression profile of FLS and a putative flavonoid GT (gene30947 FGT) matched the transcript expression pattern of the phenylpropanoid genes, but act more downstream in the flavonoid pathway (Fig. 5) . The fruit ripening program in red-fruited RdV is characterized by down-regulation of PAL, CA4H, and 4CL in achenes of the intermediate developmental stage, which did not occur in seeds of YW and HW4. Thus, in immature fruit the early polyphenol biosynthesis pathway is already differently regulated in the red-and white-fruited genotypes. Similarly, flavonoid genes (CHS, CHI, F3H, DFR, and ANS) were coordinately expressed in a spatial and temporal manner (Fig. 5) . They are involved in the supply of precursor molecules for proanthocyanidin, flavonoid, and anthocyanin production. In apple fruit, the anthocyanin biosynthetic genes, CHS, F3H, DFR, and ANS, are coordinately expressed during red coloration in skin, and their levels of expression are positively related to anthocyanin concentration 62 . Transcript levels of the flavonoid genes were particularly abundant in green receptacle of YW in comparison to HW4 (Fig. 5) and might, therefore, contribute to the high levels of flavonoids and proanthocyanidins in green pulp of YW (Fig. 3) . The differential expression of the anthocyanidin glucosyltransferase gene FaGT1 27 (gene12591), in the red-fruited and white-fruited F. vesca genotypes is striking (Fig. 5) . Similarly, white-colored grape cultivars appear to be lacking anthocyanins because of the absence of an anthocyanidin GT 63 . In apple fruits, the transcript expression level of an anthocyanidin GT is positively related to anthocyanin concentration, and the gene is coordinately expressed with CHS, F3H, DFR, and ANS during red coloration in apple skin 62 . Moreover, late genes in the anthocyanin biosynthetic pathway are coordinately expressed during red coloration of litchi fruits, where low expression of DFR and GT result in absence or extremely low anthocyanin concentrations 64 . Interestingly, the transcript expression pattern of the putative GST candidate gene (gene31672) matched exactly the expression of FaGT1 (Fig. 5) , emphasizing its putative role in anthocyanin transport. The transcript expression profile of FaGT2 (gene26265), a gene encoding a (hydroxyl)cinnamate GT 65 suggests that GT2 might contribute to the production of gallic acid glucose ester (Fig. 3) in early developmental stages and to the production of (hydroxyl) cinnamic acid glucose esters in stages 66 . The formation of red pigments would require the maintenance of high expression levels of CHS, CHI, F3H, DFR, and ANS in the receptacle and achenes, as well as the down-regulation of PAL, CA4H, and 4CL in achenes of the intermediate ripening stage. In the white-fruited F. vesca genotypes, transcript expression profiles of the proanthocyanidin biosynthesis genes (F3′ H, ANR, and LAR) and the pattern of flavonoid genes (CHS, CHI, F3H, DFR, and ANS) were coordinately regulated, and their ripening program appears to be unable to switch from the biosynthesis of flavonoids and proanthocyanidins occurring at the early stage to the production of anthocyanins in later stages. The polyphenol biosynthesis pathway in fruit of HW4 seems to be disturbed at an even earlier stage, as proanthocyanidin biosynthesis genes are already weakly expressed in green receptacle of HW4.
The interaction of polyphenol metabolism and fruit flavor formation has been frequently demonstrated as phenolic compounds can act as precursors of flavor molecules 67 . Thus, expression profiles of functionally characterized flavor biosynthesis genes pinene synthase and hydroxylase 68 , AAT 69 , QR 70 , and eugenol synthase 67 were analyzed in the three genotypes (Fig. 6A) . Transcripts of flavor genes were already abundant in red-fruited RdV at the intermediate fruit ripening stage, whereas in YW and HW4 mRNA of genes involved in flavor formation were only detectable at the ripe stage. It appears that the ripening program in the white-fruited genotypes is delayed, which is also supported by the comparison of the transcript profiles of the fruit softening genes pectin esterase 71 , pectate lyase 72 , polygalacturonase 73 , and beta-galactosidase 74 in RdV and YW, as well as in HW4 (Fig. 6B) . Overall, the flavor and softening genes seem to be coordinately regulated. It has been shown, that ripe fruits of red and white F. vesca varieties share most volatile organic compounds. Varying levels among the genotypes occur, but the main compounds such as esters presumably formed by AATs are present 75 .
Material and Methods
Plant Material. F. vesca Reine des Vallees (RdV), Yellow Wonder (YW) and Hawaii 4 (HW4) are three botanical forms of F. vesca, all of which produce small-sized plants and propagate without runners, except HW4. RdV has fruits with red flesh and red skin, whereas YW and HW4 fruits have both yellow flesh and skin (Fig. 1) . The genetic and growth characteristics of YW and HW4 have been described 56 . [~35 DPA] according to literature 4, 26 . Fruits were sampled between May and August 2014/2015, frozen in liquid nitrogen directly after harvest, and stored at − 80 °C until further usage (Fig. 1). Chemicals. Except where otherwise stated, chemicals were purchased from Sigma-Aldrich (Steinheim, Germany), Fluka (Steinheim, Germany) or Roth (Karlsruhe, Germany).
RNA-Isolation, -Quantity and -Quality Assessment. For RNA isolation achenes were separated from the pulp, and each sample was ground to a fine powder by mortar and pestle. Three woodland strawberry varieties (Fragaria vesca cv. RdV, YW, and HW4), three fruit ripening stages (green, intermediate, ripe) and two tissues (achenes, receptacle), in total 18 different samples were processed. For each sample the RNA of 10-15 fruits was pooled. Total RNA was extracted according to the CTAB protocol (Liao et al., 2004) . DNA was removed by treatment with RNase-free DNase I (Thermo Fisher Scientific Inc., Germany) for 1 h at 37 °C. RNA yields were measured and the RNA Integrity Number (RIN, Supplementary Table S1) was determined on a Bioanalyzer 2100 (Agilent Technologies, Germany) equipped with a RNA 6000 Nano Kit.
RNA Sequencing and Library Preparation. Total RNA was sent to Eurofins Genomics (Germany),
where RNA sequencing and library preparation was carried out. The 3′ fragment cDNA library was generated through fragmentation of total RNA by ultrasound before poly(A)-tailed 3′ -RNA fragments were isolated using oligo-dT chromatography. Then, an RNA adapter was ligated to the 5′ -ends of the poly(A)-tailed RNA fragments. First-strand cDNA synthesis was performed using an oligo(dT)-adapter primer and reverse transcriptase. The resulting cDNA was PCR-amplified using a high fidelity DNA polymerase. Each final cDNA library was purified, size selected, quantified and analyzed by capillary electrophoresis before RNA-Seq analysis was performed on an Illumina HiSeq2000 platform (Illumina Inc., USA). A PhiX library (Illumina Inc., USA) was added before sequencing to estimate the sequencing quality. Reads were processed by the CASAVA 1.8 package. Sequencing results are summarized in Supplementary Table S2 .
Quality Trimming, Mapping and Data Normalization. RNA-seq data processing was performed on Galaxy, a free public server that was installed locally [76] [77] [78] . The Application Programming Interface (API) and the Galaxy Data Manager were used for automation of the pipeline analyses 79 , and handling of built-in reference data 80 , respectively. The bioinformatics tools were installed and organized via the Galaxy ToolShed 81 . http://www. rosaceae.org/Reads were trimmed using the Trimmomatic tool 82 with default settings for single end reads. The TruSeq3 adapters were removed in an initial ILLUMINACLIP step. Quality trimming was performed with a SLIDINGWINDOW step, and finally reads below 20 bp were discarded with a MINLEN step. Before and after trimming, the overall data quality was evaluated with the FastQC software (quality control tool for high throughput sequence data http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).
Trimmed reads were aligned to the F. vesca reference genome (version 2.0.a1 downloaded from Genome Database for Rosaceae, GDR, www.rosaceae.org 83 ) with TopHat 84 using default settings. The results of the read mapping are summarized in Table S3 . Aligned reads were quantified using HTSeq-count 85 in "Union" mode for stranded reads with a minimum alignment quality of 10. The gene prediction input file was downloaded from GDR 83 . As poly A-tail selection was performed after fragmentation of the RNA, reads were derived from only the 3′ ends of transcripts and normalization by gene length to Reads Per Kilobase of exon per Million mapped reads (RPKM) or Transcripts per Million (TPM) would be inappropriate. Instead, the raw read counts were normalized for library size using the DESeq2 R package 86 , and adjusted to per million scale (divided by total normalized counts for all samples, times 18 for sample number, times 1,000,000), to produce normalized rpm. Differential Expression. Deferentially expressed genes were defined using the general linear models in edgeR 87 . Specifically, models were fitted with a factor for tissue, stage, and mature color of genotype and likelihood ratio test was performed comparing the white genotypes (YW and HW4) to RdV. The false discovery rate (FDR) was calculated according to 88 and genes with FDR < 0.05 were considered significant. Accession numbers of flavonoid genes differentially expressed in the red-and white-fruited genotypes and transcription factors analyzed in this study are summarized in Table 3 .
Global Sequencing Data Analysis. The data were analyzed in R (R Core Team, 2015), employing appropriate packages mostly accessed via the open source software framework Bioconductor 89 . Before the cluster dendrogram was generated, the dataset was transformed using variance stabilization 90 . Subsequently, hierarchical clustering was performed using the complete method and Spearman distance metric. The PCA analysis was performed according to ref. 91 Metabolite Extraction. 50 mg of lyophilized fruit powder was weighed (n = 3-5). The resulting samples were extracted with 250 μ l of internal standard solution (0.2 mg ml −1 biochanin A and 4-methylumbelliferyl-β-D-glucuronide in methanol) and 250 μ l methanol. After vortexing (1 min), sonication (10 min), and centrifugation (10 min, 16,000 g) the supernatant was collected. The residue was re-extracted with 500 μ l methanol, and the supernatants were combined and dried in a vacuum concentrator. The secondary metabolites were re-dissolved in 50 μ l of water, vortexed, sonicated and centrifuged. The clear supernatant was used for LC-MS analysis.
Liquid chromatography-mass spectrometry (LC-MS). Levels of secondary metabolites were determined on an Agilent 1100 HPLC/UV system (Agilent Technologies, Germany) equipped with a reverse-phase column (Luna 3 u C18(2) 100 A, 150 × 2 mm; Phenomenex, Germany), a quaternary pump, and a variable wavelength detector. Connected to the HPLC was a Bruker esquire3000plus ion-trap mass spectrometer (Bruker Daltonics, Germany). HPLC and mass spectrometry were performed at optimized conditions 33, 95 . Resulting data were analyzed with Data Analysis 5.1 software (Bruker Daltonics, Germany), and metabolites were identified using the in-house database. Levels (per mil equivalents of the dry weight, ‰ equ. dw.) of secondary metabolites quantified during targeted analyses are summarized in Supplementary Tables S4 and S5. Untargeted Metabolite Data Analysis. Untargeted metabolite profiling analysis of the LC-MS data set was done according to published reports [96] [97] [98] in R (Fig. 3 ). Peaks were grouped together across samples after correction of retention time deviations. After integration of the peak areas, the Wilcoxon Rank-Sum Test was used to determine differences across genotypes (RdV, YW, and HW4). Only metabolites with a p-value ≤ 0.01 were used for computation of subsequent data analysis. The secondary metabolites were quantified according to the internal standard method 95 , and the values are expressed as per mil equivalent of the dry weight (‰ equ. dw). Hierarchical clustering and PCA analysis were generated by the same R packages used for the sequencing data 91 .
Real-time RT-PCR analysis. The same total, DNAse I treated RNA used for RNA-sequencing, was also used to confirm candidate gene expression by RT-PCR analysis. First strand cDNA synthesis was performed in 20 μ l reactions, containing 1 μ g of total RNA template, 10 μ M of Oligo (dT) 15 primers, and 200 U M-MLV reverse transcriptase (both Promega, Mannheim, Germany) according to the manufacturer's instructions. Analyses were carried out on a StepOnePlus TM System (Applied Biosystems TM , ThermoFisher Scientific, Waltham, US-MA) equipped with StepOne TM software v2.1. For each PCR reaction (10 μ l in total), 2 μ l cDNA, 400 nM primers, and 5 μ l 2x master mix (SensiFast TM SYBR Hi-Rox Kit, Bioline,) were used. Prior to gene expression analysis, PCR reactions were optimized in cDNA concentration, primer concentration, and annealing temperature (FvGT1 gene12591: 1x cDNA, 61 °C; FvMYB10 gene31413: 0.1x cDNA, 57 °C; FvUBC9 gene12591: 0.1x cDNA, 55 °C; 400 nM primers for all three genes). The efficiency of each primer pair was determined using the standard curve of a serial cDNA dilution. Several possible reference genes from literature were tested, but in the end only FvUBC9 was suitable, amplified by a primer set according to literature 54 (Table S6) . It was, however, differentially expressed between achenes and receptacle, but showed uniform levels within the respective tissue ( Figure S3 ). Achenes and receptacle samples were, consequently, normalized separately. The cycling program was 2 min at 95 °C, followed by 40 cycles of 5 sec at 95 °C, 10 sec at 55-61 °C, and 20 sec at 72 °C, and ending in a melting curve detection of 15 sec at 95 °C, 1 min at 60 °C, and 15 sec at 95 °C. Analyses were performed in triplicates. Relative quantification was performed according to 99 using UBC9 as reference gene.
